systematic errors 1 • The accuracy of a trace method can be tested by analyzing standard samples or by comparison with other methods of analysis.
Because of the widespread use of physical and physicochemical methods and the need for higher accuracy, this report reviews the methods of calibration used in trace analysis. It should be noted that errors can arise in the three component steps of an analytical method: sampling, chemical and/or physical pretreatment, and instrumental measurementl. Calibration methods must apply to the total analytical procedure. These calibration methods are dependent upon the use of standards. Obviously the concentrations of the standards must be reliably known; and, when chemical interferences are operative, the preparative histories ofboth samples and standards must be similar or both histories must be reduced to a common state. It is a truism that the accuracy of an analysis depends ultimately on the accuracy of the standards.
CLASSIFICATION OF CALffiRATION METHODS

Use of Certified Standards
This type of calibration is especially important for analytical procedures used for complex analyses of large series of similar samples. A set of homogeneous standard samples which cover the whole range of compositions in question must be selected. The preparation of highly reliable standards, particularly solid-state standards, at the trace and ultratrace Ievels is a singularly difficult task. The Iack of trace Standards is recognized as a prime limiting factor in the field and is receiving considerable attention from interested parties and agencies in many countries.
It These certified standard samples are of particular value for calibrating multielement trace methods involving emission spectroscopy, spark source mass spectrometry, neutron activation analysis, and x-ray fluorescence. Because neutron activation analysis has a high sensitivity for the majority of elements, together with an intrinsic high degree of accuracy, the NBS has used this method widely for certification of standard reference materials involving eiemental trace analysis 3 • In the area of biomedical standards for use in clinical laboratories, the NBS has recently issued an impressive Iist of standard reference materials 4 
Use of lndependently Analyzed Sampies
In the absence of available certified standards for methods involving complex materials, calibration against independent analytical methods is often resorted to. Several determinations should be performed by each method, so that good estimates of the precision of each method may be obtained. If there is a significant difference between the two means obtained, systematic error is probably present in one or both methods. Although the magnitude and the sign ofthe discrepancy between the two means may indicate the nature of the error, further work must usually be done to discov~r its source. If there is no significant difference between the two means, there is no reason to suspect the presence of appreciable systematic error in either method.
The success of this approach depends upon the reliability of the comparative method, since it too must have been properly calibrated. In the field of trace element analysis, the use of neutron activation analysis as an independent method is particularly helpful. Since neutron activation analysis is based on the nuclear properties of the constituents of a sample, it is not dependent upon their chemical form, so that synthetic standards may be employed for calibration. Similarly, wet chemical methods and flame spectroscopy can be used when limited numbers of elements are involved, since they can often be calibrated with synthetic standards.
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If large numbers of samples of a similar nature are to be analyzed, it may be more practical to choose a comparable sample as an 'in-house' standard and analyze it for the species of interest by a variety of independent methods where applicable. This standard can then be used for future analyses of this type of sample.
Standard Addition
In the analysis of complex materials both matrix and interelement effects are the main contributors to systematic errors in many spectrometric methods. This is true if we assume that spectralline interferences are absent. Therefore, the use of certified standards or the independent method of analysis approach on similar materials help to compensate for these complexities.
Another approach that is sometimes used is the method of standard additions, where a small known concentration ofthe desired species is increasingly added to several samples of the unknown material. The resulting samples as weil as an untreated one are then analyzed. The response readings from the particular instrument are then plotted linearly against the added concentrations, and the amount of unknown species present is determined by extrapolating a line to the abscissa. Ifthe line is not linear, often a transformation can be performed such as the conversion of light absorption to absorbance. The best line which can be fitted to the data minimizes the sum of the squares of the vertical distance between data points and the constructed line, referred to as the line of least-squares 5 . The Ieast-squares line can be described by the equation
where Y is the value predicted {absorbance) by the equation for a given value of X {concentration), M is the slope of the line, and I is the intercept of the line with the ordinate axis. Using data obtained from an analytical determination of treated and untreated samples, the slope of the Ieast-squares line can be calculated
n:EXY-:EX:EY
where X refers to the concentration of the standard solution, Y is the linear instrument response reading, and n is the total number of readings made. Equation 1 is referred to as the regression of Y on X, X being the independent variable and Y the dependent variable. The X values are assumed to be known without error, whereas the Yvalues are randomly distributed about some mean Y value 6 • 7 • The intercept of the line with the ordinate axis is calculated as follows
where Y is the arithmetic mean of the total Y readings, X is the arithmetic mean of the total X values, and M is the slope of the line. An estimate of the precision of the method of standard additions based upon linear Ieastsquares regression has been presented by Larsen et al. 8 • 
METHODS OF CALIBRA TION IN TRACE ANALYSIS
The method is weil established and has greater applicability in flame emission and atomic absorption methods and spectrophotometric methods, where the number of components to be determined in a given analysis is limited.
Use of Synthetic Standards
Standard samples which have been synthesized from pure substances have bad a long history in chemical analysis, but are not too applicable to many trace methods. These synthetic samples can be prepared with reasonable expenditure only for relatively simple analytical problems, where the type of sample and the components to be determined are weil characterized. Furthermore, only a few components should be involved. This approach is of value in trace methods that involve a solution step in the procedure such as spectrophotometry, flame spectrometric methods, and electrochemical methods. Preparation of multielement solid standards by powder dilution techniques are impractical and subject to considerable error in addition to ignoring the differences in chemical form of the standard and sample.
In organic analysis, and particularly in biochemical analysis, it may be difficult to obtain the proper starting materials. If traces of contaminants are to be determined in substances of high purity, then it may be impossible to obtain these substances free from any contamination at ail.
Use of Fundamental Relationships 9
In limited situations, it is also possible to achieve calibration of measured quantities by deriving the contents tobe determined using general principles and known data. Such laws for example include the law of mass action, the Beer-Lambert law, the Boltzmann distribution, etc.
Generallaws are of course idealized, and are valid only if definite assumptions are correct. In most cases they have only been found and verified under special, very pure experimental conditions. Even in cases where a theoreticaily derived relationship has been established and has long been proven, its validity has usuaily been verified by the use of synthetic standards. The use of fundamental relationships as a method of calibration is of some value for new analytical procedures. Jt provides a first approximation until it is either verified or replaced by calibration with synthetic standards.
CALffiRA TION CURVES In the use of external standards in many methods, the analyst uses a linear calibration curve obtained from measurements made on these standards to estimate the concentration of the unknown. Irving 10 has described a general graphical method for evaluating experimental results that should fit a linear equation. When other than linear relationships are involved, weighted Ieast-squares curve fitting using functional transformations can be employed. Jurs 11 has described transformations from exponential to linear, Gaussian to quatlratic,, and Cauchy to quadratic. The method is applicable to experimental curve fitting and for the development of calibration curves.
Linning and Mandel 12 have discussed the determination of the precision of an analytical method involving a calibration curve. They emphasize that, because there is always some scatter in the calibration data, the precision of 401 analysis for an unknown will be poorer than indicated from several repeat determinations of the same sample. Hubaux and Vos 13 have investigated the influence of the precision of the analytical method, the number of standards, the range of their contents, the various modes of their repartition, and the replication of measurements on the determination of detection Iimits from linear calibration curves employing a. statistical approach.
STABILITY OF CALffiRATION 9 -14 The problern of how long and under what circumstances the calibration values derived for a given analytical procedure remain valid is of importance for the critical assessment of a procedure and of the analytical results produced by it. Stability of calibration involves two aspects:
(a) the sensitivity of the analytical procedure to variations of experimental parameters, and (b) the extent to which one has control over the parameters to keep the .experimental conditions constant or to take into account the influence of changing parameters by suitable measurements and corrections.
Complex analytical procedures are usually susceptible to parameter changes, since it is difficult to reduce all ofthe sensitivities to variations simultaneously and throughout the whole range. Frequent calibration is rnandatory.
CONCLUSION
While an attempt has been made here to enumerate the methods of calibration employed in trace analysis, it is difficult to compare them in any quantitative fashion. To date there has been no study to evaluate the different methods as applied to a given procedure. In view of the many different situations encountered in trace analysis, it is obvious that each calibration method has a role to play in a given circumstance.
In the absence of any direct comparisons of methods of calibration in trace analysis, a study is cited where an evaluation was made of eiemental analyses of a given lunar soil sample by a large number of investigators using a variety of methods employing many different techniques such as neutron activation analysis, spark source mass spectrometry, emission spectroscopy, x-ray fluorescence, and various other forms of mass spectrometry 15 • Taking into account such factors as heterogeneity of sample, concentration Ievels, contamination, etc., the conclusion reached is that there is considerable variability in the performance of different laboratories, regardless of the methods employed. This can only be ascribed to the care with which the analyses were performed and the attention paid to the proper use of calibration.
